Backgroud: Pyrethroids are the most common class of insecticide used worldwide for indoor residual 22 spraying (IRS) against malaria vectors. Water-dispersible granules (WG) are a pyrethroid formulation 23 to be applied after disintegration and dispersion in water with less risks of inhalation than using the 24 usual wettable powder (WP) formulation. The objective of this small-scale field study was to evaluate 25 efficacy and duration of insecticidal action of a new alpha-cypermethrin WG (250g a.i./Kg) against 26 susceptible Anopheles ghmbihe in comparison with the WHN reference product (alpha-cypermethrin 27 WP, 50g a.i./Kg) on the most common indoor surfaces in Benin. 28
Methods: Both formulations were applied at two target-dose concentrations in houses made of mud 29 and cement in the Tokoli village in southern Benin. We measured the applied dose of insecticide by 30 chemical analysis of filter paper samples collected from the sprayed inner walls. We recorded An. 31 ghmbihe mortality and knock-down rates every 15 days during 6 months using standard WHN 32 bioassays. 33
Results: The alpha-cypermethrin WG formulation did not last as long as the WP formulation on both 34 surfaces. The difference is higher with the 30mg/m² concentration for which the WP formulation 35 reached the 80% mortality threshold during 2 months on the mud-plastered walls (3 months on 36 cement) whereas the WG formulation last only one month (2 months on cement). 37
Conclusions: The new WG formulation has a shorter efficacy than the WHN recommended WP 38 formulation. In this trial, both the WG and WP formulations had low durations of efficacy that would 39 need at least two rounds of spray to cover the entire transmission season. 40 41 Background 42 During the last decade, Insecticide Treated Nets (ITN) became the major malaria vector control tool 43 implemented in Africa, complemented by Indoor Residual Spraying (IRS) in some specific contexts. 44 Indeed, these tools target different periods of the mosquito life cycle (host-seeking behavior and 3 resting behavior, respectively). In 2015, National Malaria control programs (NMCP) reported that 46 about 106 million people worldwide were protected by IRS. Pyrethroids were the class of insecticides 47 the most used for IRS [1] . Nver the 59 countries that have implemented IRS in 2014, 43 declared 48 using pyrethroids alone or in combination with other classes of insecticides [2] . 49
Pyrethroids insecticides are usually available in wettable powder (WP) formulations that present 50 some disadvantages. First, the particles in suspensions made from wettable powders are large and 51 visible residues may be left on sprayed surfaces. Moreover, there is a risk of inhalation during mixing, 52 as the dry particles can become airborne. Alternatively, water-dispersible granules (WG) are a 53 formulation consisting of granules to be applied by spraying after disintegration and dispersion in 54
water. There is less risk of inhalation of airborne particles from water-dispersible granules than from 55 wettable powders [3] . 56
Alpha-cypermethrin is among the 12 insecticides recommended by the World Health Nrganization 57 Pesticide Scheme (WHNPES) for IRS [4] . Alpha-cypermethrin has been tested and recommended by 58 the World Health Nrganization (WHN) as a wettable powder (WP) and aqueous suspension 59 concentrate at a dosage between 20 and 30mg/m² with expected residual activity of 4 to 6 months 60 [5] . 61 A WG formulation of alpha-cypermethrin was tested in India [6]. This formulation showed residual 62 efficacy for 13−15 weeks for the 20 mg/m² application rate and 13−16 weeks for the 30 mg/m² rate 63 not significantly different than the WHN recommended alpha-cypermethrin WP formulation [7] . 64
The objective of the present small-scale field study was to evaluate efficacy and duration of 65 insecticidal action of a new alpha-cypermethrin WG (250g a.i./Kg) at two application rates (20 and 30 66 mg ai/m²) against susceptible Anopheles ghmbihe in comparison with similar dosages of the 67 reference product (alpha-cypermethrin WP, 50g a.i./Kg) on the most common indoor surfaces in 68
Benin. 69 
Study design 83
As previous findings showed no difference in insecticide efficacy and persistence applied on red or 84 white sands mixed with cement [8], we retained only two types of house (mud-plastered and 85 cement) for this study. We included in the study 50 houses (25 mud-plastered and 25 with cement 86 walls) of 112 present in the village. In each batch of 25, houses were randomly allocated to one of 87 the 5 following arms (i.e. 5 houses per arm): 88 -α-cypermethrin WG at the 20 mg/m² ±25% target dose (WG20) 89 -α-cypermethrin WG at the 30 mg/m² ±25% target dose (WG30) 90 -α-cypermethrin WP at the 20 mg/m² ±25% target dose (WP20) 91 -α-cypermethrin WP at the 30 mg/m² ±25% target dose (WP30) 92 -control (not sprayed) 93
Houses were sprayed between the 7 and 16 march 2014 at the end of the long dry season. Nnly one 94 room per house was sprayed. Insecticide was applied once, using a hand-operated compression 95 sprayer equipped with a flat fan nozzle 80° swath and 0.76 L/min flow rate. The four walls were 96 treated. The spraying was done by two well trained technicians. They attended a 4-days training with 97 a WHNPES mandated expert just before the beginning of spraying. 98
Safety precautions and ethical considerations 99
The National Research Ethics Committee of Benin approved the study (reference number 016 of July 100 16th, 2013). Householders and spray men gave their informed consent. 101
Safety precautions regarding mixing, handling and spraying the insecticide followed standard 102 WHNPES procedures as outlined in [9] . Spray men used recommended/necessary protective clothing. 103
They were given an information sheet in French and were briefed on possible adverse effects and the 104 need to fully comply with safety instructions. Spray men were advised that in the event of any 105 discomfort, they would be subjected to medical examination and care. 106
Rooms were sprayed after the personal effects of the householders have been removed and/or 107 protected by craft paper. The windows, the floor, and the doors were also protected by craft paper 108 during the spray. 109
The householders were advised about safety precautions in order to avoid any risks during and after 110 the spray. They were advised to remain out of the rooms during the spray and up to 3 hours after 111 spraying. They were told that it is required to protect them from coming in contact with fumes of the 112 insecticide spray. The adult householders were advised to ask their children not to intentionally 113 touch the sprayed walls for at least one day after spraying since the walls remained wet for about a 114 day. After a room has been sprayed, it is essential that walls are not scrubbed or mutilated or 115 plastered until the end of the study. The householders were therefore advised not to do so as part of 116 the informed consent form. The householders were also advised that in the event of an adverse 6 effect or illness due to fever, they should approach the Medical Nfficer at the closest health centre 118 for treatment but may also seek advice/assistance from our institutions (IRD and CREC) at the 119 contact details given in the consent form. 120
Adverse effects on spray men and householders 121 Spray men were interviewed using a questionnaire at the end of a day of spraying, the following 122 morning and one week after. Moreover, our team visited each household one week and one month 123 after spraying to record adverse effect on the inhabitants using a questionnaire administered to the 124 household heads. 125 Figure 1B ). Nn the same surface, the mean concentration of WG20 and WG30 were 37.23 mg/m² (95% CI [30.31 -44.14]) and 39.79 mg/m² (95% CI [33.47 -46.11]), respectively 165 ( Figure 1D ). The differences in α-cypermethrin contents between the WP and WG formulations 166 applied on mud walls were not significant (p = 0.961 and p = 0.559 for the 20 and 30 mg/m² target 167 doses, respectively). The mean applied to target dose ratio was 1.64 (95% CI [1.61 -1.67]), exceeding 168 expectation. As expected, α-cypermethrin contents on cement wall were significantly higher with the 169 30mg/m² targeted doses (for both the WG and WP formulations) than with the 20mg/m² target dose 170 ( Figures 1A and 1C ). However on mud, we were not able to find any difference between papers from 171 rooms sprayed at 20mg/m² or 30 mg/m² ( Figures 1B and 1D) . 172
Residual activity
Nver 40 filter papers coming from the 10 control houses, 39 showed a concentration of alpha-173 cypermethrin lower than the limit of detection (i.e. < 4mg/m²) and one was just above (6.9 mg/m²). 174
Nn the mud plastered walls, the mortality model indicated that the WG20 and WP20 treatments 175 efficacy failed significantly under the 80% threshold 26 and 27 days after spraying, respectively 176 ( Figure 2A ). The WG30 treatment was efficient until the 30 th day after spraying. In contrast, the 177 reference WP30 treatment was significantly more persistent with an induced mortality ≥80% until 178 the 60 st day (Figure2C). The same trends were observed for the KD rate ( Fig. 3A and 3C ) except for 179 the WP30 formulation that maintained a KD rate ≥ 80% until the 80 th day. 180
Nn the cement walls, mortalities induced by the WG formulation failed under the 80% threshold 181 after 38 and 59 days when applied at the 20 mg/m² and 30 mg/m² target doses, respectively ( Figure  182 2B and 2D). In comparison, mortalities induced by the reference WP formulation failed under the 183 80% threshold after 83 and 96 days when applied at 20 and 30 mg/m², respectively ( Fig. 2B and 2D) . 184
Regarding the KD rate induced by the WG formulation, it failed under 80% after 59 and 78 days when 185 applied at the 20 and 30 mg/m², respectively ( Fig. 3B and 3D ). With the reference WP formulation, 186 the KD rate failed under 80% after 101 and 119 days for the 20 and 30 mg/m² target doses, 187 respectively ( Fig. 3C and 3D ). In the control rooms, the mean mortality rate was 0.0077 (95% CI 188 [0.005 -0.01]) 24h post exposure.
Two weeks after spraying, 6 household heads over 40 receiving an IRS treatment declared having 190 experienced adverse effects (Table 1) This small-scale trial showed that the α-cypermethrin WG formulation efficacy did not last as long as 201 the WP formulation on both surfaces. The difference is higher with the 30mg/m² concentration for 202 which the WP formulation reached the 80% mortality threshold during 2 months whereas the WG 203 formulation last only one month on the mud-plastered walls. The same trend is observed for the 204 cement surface on which the efficacy was ≥ 80% mortality during approximately 3 months for the WP 205 formulation and less than 2 months for the WG formulation. This indicate that the new WG 206 formulation was not as persistent as the reference WP formulation. These results contrasts with 207 those of Uragayalaet hl. [6] in India who found that the WG formulation was as efficient as the 208 reference WP formulation with durations of efficacy higher than 3 months whatever the target dose 209 or the wall surface. Such differences observed between Benin and India might be due to the different 210 Anopheles species used for bioassay, differences in wall surfaces and in climatic conditions (the 211 Indian trial was performed during the dry season while the Beninese trial was almost entirely 212 performed during the rainy season). 213
The short residual efficacy of both formulation in our trial indicated that multiple rounds of spraying 214 should be needed to protect population for the entire malaria season that everywhere exceed 4 215 months in Benin. Because IRS are expensive to implement for resource-limited countries [14] , such 216 interventions should be limited to areas where the transmission season is short (e.g. in the sahelian 217 area). Moreover, we found a difference in residual efficacy between the mud and cement surfaces. 218
This observation, that was already made in southern Benin [15] , highlights the potential difference in 219 residual efficacy of IRS between rural areas where the majority of houses is mud-plastered and the 220 urban areas where cement surfaces are more common. 221
In tropical environments, mosquitoes that are KD have little chances to recover because of the 222 biomass of potential predators and scavengers (ants, spies, geckos…) [16] . The KD rate is therefore a 223 highly relevant criteria for evaluation of IRS residual efficacy. 224
The chemical analysis showed a high variability of α-cypermethrin content within the filter papers 225 attached on the inner walls, despite the great experience of the sprayers and the training they 226 attended just before the sprays (with a WHNPES mandated expert). In operational conditions of IRS 227 implementation when local operators are less experienced, we can therefore expect high variability 228
in insecticide concentration applied in the houses. Independent evaluation of spraying quality should 229 help improve operational procedures and go with Phase III evaluation studies [10] . 230
It is notable that almost all α-cypermethrin contents measured on filter papers were above the 231 targeted doses. However, the contents measured in houses that received the WP20 and WG20 232 treatment where still in the WHNPES recommended application dose of 20-30 mg/m² ± 25% [7]. This 233 makes the efficacy results reliable. 234
Nn cement wall, we find a positive relationship between the targeted dose and the concentrations 235 measured on filter papers. It was expected to find the same on mud walls but we were not able to 236 evidence such a relationship. We therefore hypothesise that an unknown proportion of the insecticide migrates into the mud wall by adsorption or absorption. If confirmed, this issue might be 238 easily solved by inserting an inert plastic sheet between the wall and the filter paper. 239
Adverse effects were reported only in houses having received an IRS treatment. However, sample 240 sizes (i.e. 10 households per arm) were two small to allow statistical comparisons between arms with 241 a sufficient power. 242
Conclusion 243
The tested α-cypermethrinWG formulation applied at a WHNPES recommended dose of 20-30 244 mg/m² ± 25% (i.e. the WG20 and WP20 treatments) reached the cut-off point of 80% mortality 245 during less than 2 months whatever the wall surface. This efficacy level was lesser than the WHN 246 recommended α-cypermethrin WP formulation (almost 3 months before failing under 80% mortality) 247 when applied on cement walls. When applied on mud-plastered walls, both formulations failed to 248 exceed one month of efficacy. Because of these low durations of efficacy, we do not recommend the 249 use of these formulations in Benin where more than 2 rounds of spray should be needed to cover the 250 entire transmission season. 251 
